Apoptosis-inducing factor (AIF), or programmed cell death 8 (Pdcd8), is a highly conserved, ubiquitous flavoprotein localized in the mitochondrial intermembrane space. In vivo, AIF provides protection against neuronal apoptosis induced by oxidative stress. Conversely, in vitro, AIF has been demonstrated to have a proapoptotic role when, on induction of the mitochondrial death pathway, AIF translocates to the nucleus where it facilitates chromatin condensation and large scale DNA fragmentation. To determine the role of AIF in myocardial apoptotic processes, we examined cardiomyocytes from an AIF-deficient mouse mutant, Harlequin (Hq). Hq mutant cardiomyocytes demonstrated increased sensitivity to H 2 O 2 -induced cell death. Further, Hq hearts subjected to ischemia/reperfusion revealed more cardiac damage and, unlike wild-type mice, the amount of damage increased with the age of the animal. Aortic banding caused enhanced hypertrophy, increased cardiomyocyte apoptotic and necrotic cell death, and accelerated progression toward maladaptive left ventricular remodeling in Hq mutant mice compared with wild-type counterparts. These findings correlated with a reduced capacity of subsarcolemmal mitochondria from Hq mutant hearts to scavenge free radicals. Together, these data demonstrate a critical role for AIF as a cardiac antioxidant in the protection against oxidative stress-induced cell death and development of heart failure induced by pressure overload. (Circ Res. 2005;96:e92-e101.)
H eart failure, a prevalent cause of morbidity and mortality worldwide, proceeds through a common process termed cardiac remodeling in which heart chambers become markedly enlarged and contractile function deteriorates. 1 Recent insight from animal models and human end-stage heart failure material have identified a roughly 8-to 25-fold increase in the levels of myocyte apoptosis over that observed in healthy tissue. Studies in genetic mouse models that mimic this situation suggest that chronic elevation of myocyte apoptosis may constitute a causal component in the cardiac remodeling process preceding heart failure. 2 Two major apoptotic pathways are operative in mammalian cells, including the cardiac muscle cell. Mitochondria play a key role as apoptosis occurs through the opening of the mitochondrial permeability transition pore, 3 the release of cytochrome c, assembly of the apoptosome, and subsequent activation of downstream caspase-9 and -3. 4, 5 Secondly, the death-receptor pathway is triggered by binding of members of the death-receptor superfamily, such as Fas or CD95 and TNF-␣, to their cognate receptors, which induces receptor clustering, formation of a death-inducing signaling complex, and finally, caspase-8 and -3 activation. 6 -8 Downstream of caspase-3, the apoptotic program branches into a multitude of subprograms, such as the activation of ICAD-CAD which serves to cleave essential cardiac structures, including actin, alpha-actinin, lamin, and serum response factor. 9 -12 Apoptosis-inducing factor (AIF), also known as programmed cell death 8 (Pdcd8), is a highly conserved flavoprotein with pyridine nucleotide-disulphide oxidoreductase and DNA binding domains. The AIF precursor is synthesized in the cytosol and imported into mitochondria, where AIF localizes, like cytochrome c, in the mitochondrial intermembrane space in healthy cells. Changes in mitochondrial permeability, secondary to loss of the mitochondrial mem-brane potential (⌬⌿ m ), induce translocation of the mature form of AIF, lacking NH 2 -terminal mitochondrial localization signals, through the mitochondrial permeability transition pore into the cytosol and nucleus, where its DNA binding activity is thought to facilitate chromatin condensation and large scale DNA fragmentation. 13 An additional role for AIF in cell survival was uncovered in the Hq mutant mouse, which displays progressive degeneration of cerebellar and retinal neurons because of a proviral insertion into the first intron of the aif gene, leading to an 80% decrement in AIF expression. 14 Cerebellar granule cells from Hq mutant mice were more susceptible to hydrogen peroxide-induced cell death, whereas retroviral reintroduction of wild-type (WT) AIF rescued mutant cells, suggesting that AIF can protect against oxidative stress-related cell death. 14 In summary, the combined observations suggest that AIF may fulfill a dual role in cellular homeostasis: a prosurvival function when localized in the mitochondrial intermembrane space likely via its oxidoreductase activity; and an apoptogenic action once in the nucleus depending on its DNA-binding ability and association with Endo G. 15, 16 Presently, the role of AIF in myocardial apoptosis or cell survival is unknown. To this end, we examined cardiomyocytes isolated from the aif hypomorphic mutant, Hq. These AIF-deficient myocytes were found to be sensitized to oxidative stress-induced cell death, and Hq hearts revealed more ischemic damage and larger infarct size after acute ischemia/ reperfusion, with the extent of damage worsening with age. Hq mice subjected to chronic stress in the form of pressure overload elicited accelerated maladaptive left ventricular remodeling and signs of heart failure. Finally, Hq mitochondria displayed a 29% decrease in their ability to neutralize exogenously provided H 2 O 2 , which is consistent with a role for AIF as a pivotal mitochondrial free radical scavenger in the heart. Our findings underscore the premise that, similar to neuronal cells, AIF enhances survival of cardiac muscle cells via its ability to protect the myocardium against oxidative stress-induced cell death.
Materials and Methods

Mice
WT male and female mice on a B6CBACa-A w-J /A (B6CBA) background and mice hemizygous or homozygous for the X-linked harlequin mutation (Pdcd8 Hq ; Hq) on the same background were used (The Jackson Laboratory, Bar Harbor, Me). Muscle LIM Protein (MLP)-deficient 17 and WT mice in a 129/Sv background, were generously provided by Howard A. Rockman (Duke University Medical Center, Durham, NC). All protocols were performed according to institutional guidelines and were approved by local Animal Care and Use Committees.
Cardiomyocyte Cultures and siRNA Transfection
Neonatal rat ventricular myocytes were obtained as described previously in detail. 18 Neonatal ventricular mouse myocytes were obtained by enzymatic dissociation of 1-to 2-day old B6CBA or B6CBA:Pdcd8 Hq neonatal ventricles. Ventricles were stored in HEPES buffered DMEM (pH 7.4) before multiple rounds of enzymatic digestion in DMEM nutrient mixture F-12 Ham base (Sigma) supplemented with 0.7 mg/mL collagenase type 2 (Invitrogen) and 1 mg/mL pancreatin (Sigma). Cells were collected by centrifugation at 61g for 10 minutes, resuspended in neonatal calf serum (Invitrogen), and stored in an incubator at 37°C. All cell suspensions were pooled, centrifuged at 61g for 10 minutes, and resuspended in DMEM (Invitrogen) supplemented with 10% horse serum (Invitrogen) and 5% fetal calf serum (Invitrogen). Subsequently, the cells were differentially plated for 3 hours in uncoated cell culture dishes to remove contaminating nonmyocytes. The cardiomyocytes (containing Ͻ5% nonmyocytes) were then plated on fibronectin-coated 6-well culture dishes (Sigma). Approximately 24 hours after plating the media was replaced by DMEM:M199 (4:1) medium (serum-free medium). For siRNA transfection, neonatal mouse cardiomyocytes were plated in DMEM supplemented with Nutridoma (Roche) in 12-well fibronectin-coated plates with density of 4ϫ10 5 cells per well and transfected the next day with 100 nM of siRNA duplex (Ambion) specific for GFP ("siRNA-control" 5Ј-AACGAUG-CCACCUACGGCAAGdTdT-3Ј) or a duplex specific for murine AIF ("siRNA-AIF" 5Ј-GGCUCAGUUCCUCAGAUCAdTdT-3Ј) in 2 L oligofectamine (Invitrogen). Cells were washed the next day and incubated for another 48 hours before treatment.
Quantification of Cell Death in Cell Culture
Cell death was assessed by double-staining neonatal mouse cultures with propidium iodide (PI; 2.5 g/mL, Molecular Probes) and Hoechst 33258 (2 g/L).
Ischemia-Reperfusion and Measurements of Ischemic Area at Risk and Infarct Size
Two-and 6-month-old WT and Hq mice were randomized to receive either ischemia-reperfusion injury or a sham procedure. Mice were anesthetized with isoflurane and placed on a warming pad maintained at 37°C. The trachea was cannulated with a polyethylene tube connected to a respirator (Harvard Apparatus) with a tidal volume of 0.6 mL (110/min). A left lateral thoracotomy was performed between the fourth and fifth ribs, pericardial tissue was removed, and the left anterior descending artery (LAD) was visualized and ligated with a slipknot of 8-0 silk. Reperfusion was initiated 30 minutes after the occlusion. After reperfusion, mice were anesthetized, the LADs were reoccluded, and 1 mL of 1.0% Evans blue was injected into the apex of each heart to stain nonischemic tissue. The hearts were then excised, washed with PBS, and cut into 5 transverse slices for 15 minutes of incubation at room temperature with 1.5% 2,3,5-triphenyltetrazolium chloride (TTC) to measure viable myocardium (red staining). Slices were photographed (each side) under a microscope and left ventricular area, area-at-risk (AAR), and infarct area (IA) were determined by digital planimetry.
Aortic Banding
Transverse aortic banding (TAC) or sham surgery was performed in 4-month-old B6CBA or B6CBA:Pdcd8 Hq mice and in the MLP WT 129/Sv strain. The aorta was subjected to a defined 25-gauge constriction between the first and second truncus of the aortic arch as described. 19, 20 
Western Blot Analysis
Immunoblot analysis was performed as described previously in detail. 18 Specifically, anti-AIF (sc-9416, Santa Cruz), anti-MnSOD (106-984, Upstate), and anti-GAPDH (MAP 378, Chemicon) antibodies were used. Immunoreactivity was detected with Chemiluminescence (ECL, Amersham Pharmacia Biotech).
Transthoracic Echocardiography
Echocardiographic measurements were performed on mice anesthetized with isoflurane as described. 21 In M-mode, the following parameters were obtained: end diastolic left ventricular (LV) internal diameter (LVIDd), end-systolic LV internal diameter (LVIDs), and posterior wall (PW) and interventricular septum (IVS) wall thickness. Fractional shortening (FS) was calculated as (LVIDdϪLVIDs)/ LVIDdϫ100, echocardiographic LV mass (mg) was calculated by use of an uncorrected cube assumption as LV massϭ[(LVIDdϩ LVPWdϩ IVSd) 3 Ϫ(LVIDd) 3 ](1000). Doppler echocardiography was used to calculate the pressure gradient between the proximal and distal sites of the transverse aortic constriction using the Doppler-estimated Bernoulli equation, 22 and only mice with a pressure gradient Ͼ20 mm Hg were used in this study.
Immunolabeling, Immunofluorescence, and Confocal Microscopy
Heart tissue was fixed in 3.7% formaldehyde, embedded in paraffin, and sectioned at 6-m thickness for visualization. Sections were stained with hematoxylin and eosin (H&E), or Sirius red, or incubated with antibodies against cleaved caspase-3 (1:1000; Cell Signaling) or cleaved PARP (1:200; Cell Signaling). Envisionϩ kit (DAKO) was used as a secondary reagent. Stainings were developed using DAB (brown precipitate), and slides were counterstained with hematoxylin and visualized using a Nikon Eclipse E600 microscope. TUNEL and anticomplement 9 stainings were performed on 10-m cryosections as described previously in detail 23 using a TMR red TUNEL kit (Roche) or an anti-NCL-CCC9 antibody (1:50; Novocastra), respectively. Double staining was performed with antiphalloidin-FITC (1:500; Sigma), DRAQ5 (1:1000; Alexis), and/or DAPI (1:500; Molecular Probes). The samples were examined with a confocal scanning laser microscope Leica TCSNT, equipped with argon/krypton and helium/neon lasers.
In Situ Detection of Reactive Oxygen Species
Reactive oxygen species (ROS) production was determined using the fluorescent dye dihydroethidium (DHE). Cryosections (10 m) were incubated with 5 m DHE at 37°C for 30 minutes. Images were captured on a Zeiss Axiovert 135 mol/L microscope and pixel intensity of the nuclei measured using SPOT-advanced software.
Measurement of Mitochondrial Complex and H 2 O 2 Scavenging Function
Snap-frozen hearts were re-thawed on ice, minced in a small volume of buffer sucrose medium (250 mmol/L sucrose; 10 mmol/L HEPES, pH 7.4; 1 mmol/L EDTA), and homogenized. Citrate synthase activity of the homogenate, expressed in mU as nmol 5-thio-2nitrobenzoate (TNB)/min per mg protein, was measured by monitoring the CoA-coupled conversion of Ellman reagent into TNB at 412 nm. 24 The complex I activity, expressed in mU as nmol NADH/min per mg protein, was measured according to Birch-Manchin and Turnball 25 after freeze-thawing the homogenate 3 times with the following modifications: before initiating the reaction, the sample in the reference cuvette was incubated for 1 minute in the presence of 3.5 mmol/L rotenone to allot sufficient time for its binding to the enzyme complex. The reaction was initiated by the addition of CoQ 1 to the sample and reference cuvette and registered as the rotenone-sensitive NADH:ubiquinone oxidoreductase activity by following the decrease in absorbance at 340 nm with 380 nm as the reference wavelength. The assay of complex IV activity of the homogenate was adapted from Birch-Machin and Turnball's method. 25 The initial rate of oxidation of cytochrome C at 37°C was followed at 550 nm using 540 nm as the reference wavelength and expressed in mU as nmol oxidized cytochrome C/min per mg protein. Cytochrome C was reduced with sodium dithionite and purified by gelfiltration on a Sephadex G-25 Medium column (PD-10).
For H 2 O 2 scavenging function, subsarcolemmal mitochondria were freshly isolated as described previously. 26 Hydrogen peroxide (H 2 0 2 ) clearance rate was measured following the decrease in absorbance rate at 240 nm for 20 sec after administration of 10.5 mmol/L H 2 O 2 in 50 mmol/L phosphate buffer (pH 7.0). 27
Statistical Analysis
The results are presented as meansϮSEM. Statistical analyses were performed using INSTAT 3.0 software (GraphPad) and Student t test or ANOVA followed by Tukey posttest when appropriate. Statistical significance was accepted at a P value Ͻ0.05.
Results
AIF Downregulation Sensitizes Cardiomyocytes to Oxidative Stress
As a first step in exploring the function of AIF in cardiac muscle cells, we determined its relative abundance in 3 major muscle types by Western blot analysis, revealing abundant presence of AIF protein in cardiac and smooth muscle, and, to a lesser extent, in skeletal muscle ( Figure 1A ). It is established that AIF also redistributes from mitochondria to cytosolic and nuclear fractions in cardiac myocytes on apoptotic stimuli, 28, 29 but the function of AIF in the heart has not been directly addressed. To address the functional significance of AIF in normal and diseased cardiac muscle, we used a hypomorphic AIF mouse mutant, Harlequin (Hq). We first scrutinized whether Hq mice display myocardial or vascular abnormalities at baseline. Hq mice displayed no discernable cardiovascular phenotypes, apart from an increase in the heart weight (HW) to bodyweight ratio, because of reduced body fat deposition in the mutants (data not shown). HW to tibia length ratio was similar to those of WT mice, indicating the absence of cardiac hypertrophy, and Hq mice displayed normal cardiac function as assessed by echocardiography (Table and data not shown). Extended blood analyses showed Abundant presence of AIF in cardiac and smooth muscle was observed in WT mice, and substantial lower AIF expression in each corresponding muscle type in the Hq model. Membranes were reprobed for GAPDH as loading controls (lower). B, AIF (upper) and corresponding GAPDH protein expression (lower) in LV heart muscle (10 g loading per lane) from WT and Hq mice. C, Quantification indicates that AIF protein expression in the AIF hypomorphic Hq mouse amounts to 8Ϯ2% of WT mice. D, AIF expression (10 g loading per lane) slightly decreases on TAC, and is substantially downregulated in heart failure (MLP-deficient mouse). E, Quantification indicates that AIF cardiac protein expression amounts to 90Ϯ5% in TAC and 28Ϯ5% in heart failure (MLPϪ/Ϫ) mice. no signs of anemia or structural abnormalities, except for a minor increase in white blood cell count (supplemental Table  I , available at http://circres.ahajournals.org). In line with previous findings, 14 AIF expression was substantially downregulated in all major muscle types, as evidenced by Western blot analysis ( Figure 1A ). The amount of AIF expression in LV heart muscle of Hq mice was found to be 8%Ϯ2% compared with their WT counterparts ( Figure 1B and 1C ). To address whether AIF levels fluctuate in hypertrophy and heart failure, Western blots were performed on cardiac tissue from control mice, mice subjected for 1 week to TAC, and in the heart failure MLP-deficient mouse model ( Figure 1D and 1E). Compared with control mice, AIF protein amounted to 90%Ϯ5% after TAC and only to 28%Ϯ5% in the MLPdeficient heart failure model, indicating that with increasing severity of hypertrophy/heart failure, cardiac AIF expression decreases.
If a proapoptogenic function of AIF would prevail in the heart, a loss of function mutation for AIF would prevent cardiac muscle from going into apoptosis elicited by noxious stimuli. Conversely, if AIF would function to protect myocytes against oxidative stress-mediated cell death, as described for Hq mutant cerebellar granule cells, 14 Hq myocytes would reveal a higher susceptibility to peroxide-mediated cell death. To this end, primary cardiomyocyte cultures derived from neonatal Hq and WT mice were analyzed under SF conditions or exposed to increasing doses of H 2 O 2 (100 and 500 mol/L) for 24 hours, followed by PI staining to identify myocyte apoptosis. Significantly more cell death was observed in AIF-deficient cardiomyocytes treated with 500 mol/L H 2 O 2 compared with WT cardiomyocytes (24.8%Ϯ1.3% and 17.4%Ϯ1.7% PI-positive cells, respectively; PϽ0.05; Figure 2A ). This effect was abrogated when cultures were pretreated with EUK-8, an antioxidant with superoxide dismutase (SOD), catalase, and oxyradical scavenging properties (WT, 9.4%Ϯ1.1%; Hq, 8.0%Ϯ0.1%; PϽ0.05; Figure 2A ). In contrast, AIF deficient myocytes were equally sensitive as WT myocytes to varying doses of other cell death inducers such as staurosporin (1.0 and 2.0 mol/L) or etoposide (50 and 100 mol/L; Figure 2B and 2C), and, notably, administration of EUK-8 had no effect on staurosporin-or etoposide-induced cell death in Hq or WT myocytes ( Figure 2B and 2C).
Next, AIF expression was suppressed in WT mouse cardiomyocytes by siRNA transfection, and cell death was scored by PI staining after control or 500 mol/L H 2 O 2 treatment. The extent of AIF downregulation achieved amounted to 85%Ϯ3% ( Figure 2D ), which was comparable to the level of downregulation in Hq myocytes ( Figure 1B and 1C). Mock-transfected cardiomyocytes, myocytes transfected with a control siRNA, and AIF-siRNA transfected myocytes had low and similar levels of cell death under SF conditions ( Figure 2E ). Conversely, significantly more cell death was observed in AIF-siRNA transfected cardiomyocytes treated with 500 mol/L H 2 O 2 compared with mock transfected or control-siRNA transfected cardiomyocytes (mock 19.3%Ϯ2.8%, control-siRNA 18.1%Ϯ1.7%, AIF-siRNA 29.1%Ϯ2.7% PI-positive cells, respectively; PϽ0.05; Figure 2E ). Collectively, these data suggest that AIF deficiency renders cultured cardiomyocytes specifically more susceptible to oxidative stress-induced cell death.
AIF Deficiency Sensitizes the Heart to Ischemia/Reperfusion Damage
To more thoroughly evaluate the correlation between AIF, oxidative stress, and cardiac cell death, we analyzed cohorts of Hq and WT mice for their susceptibility to ischemiareperfusion injury. Two-and 6-month-old male and female Hq mice and age-, sex-, and strain-matched WT controls were initially subjected to 30 minutes of occlusion of the LAD followed by 4 or 24 hours of reperfusion. Whereas WT mice survived this protocol, Ͼ80% of Hq mutant mice succumbed during the first hours of reperfusion, most likely because of lethal ventricular arrhythmias (data not shown), which forced Figure 3A ), indicating that there were no genotype-dependent differences in the perfused areas between the experimental groups. In contrast, the infarct area was increased by 50% in 2-month-old mutant mice (IA/AAR: WT, 23.9%Ϯ1.8%; Hq mice, 36.8%Ϯ1.2%; PϽ0.05, Figure  3B ) and by 78% in 6-month-old Hq mice compared with their WT counterparts (IA/AAR: WT 26.6%Ϯ1.5%; Hq, 47.4%Ϯ3.4%; PϽ0.05; Figure 3B and 3C). The increase in infarct area coincided with an elevated level of apoptotic cell death within the remaining region of viable left ventricle and septum of Hq mice, as evidenced by increased levels of myocytes positive for cleaved caspase-3 (WT: 8.7%Ϯ0.7%; Hq: 16.7%Ϯ0.6%; PϽ0.05; Figure 3D and 3E), myocytes positive for cleaved PARP (WT: 5.6%Ϯ1.1%; Hq: 14.4%Ϯ1.0%; PϽ0.05; Figure 3F ), and TUNEL/sarcomeric actin/DAPI positive myocytes (WT: 3.7%Ϯ1.1%; Hq 7.7%Ϯ1.4%; PϽ0.05; Figure 4A through 4D). Hq mice also demonstrated an increase in necrotic cell death, as evidenced by labeling for complement-9/sarcomeric actin/DAPI (WT: 4.9%Ϯ0.6%; Hq 15.4%Ϯ3.1%; PϽ0.05; Figure 4E through 4H). Together, our data indicate that the AIF-deficient myocardium is highly sensitized to ischemiareperfusion injury, with a lower sensitivity threshold in older animals. This latter finding is further supportive toward a role Figure 2 . Increased cell death in AIF deficient mouse cardiomyocytes after oxidative stress. A, Hq and WT mouse myocytes were cultured under SF conditions or exposed to 100 or 500 mol/L H 2 O 2 for 24 hours, with or without EUK-8, an antioxidant, and subjected to PI/Hoechst 33342 costaining and scored for PI-positivity. Hq cardiomyocytes showed a tendency toward more cell death after 100 mol/L H 2 O 2 compared with WT cardiomyocytes treated with 100 mol/L H 2 O 2 (N.S.), and this became significant with the higher dose of 500 mol/L H 2 O 2 (PϽ0.05; nϭ3). This effect was abrogated when EUK-8 was added. B, No difference in cell death was observed between WT and mutant cardiomyocytes treated with increasing doses of etoposide or (C) staurosporin (STS) for 24 hours (nϭ3). Addition of EUK-8 had no effect on etoposide or STS-induced cell death in WT and Hq myocytes. Cells were stained with PI and Hoechst 33342 and scored for PI positivity as described above. *PϽ0.05 Hq vs WT. D, Suppression of AIF expression by siRNA. Cells were mock-transfected or transfected with a control siRNA or an AIF-specific siRNA, and the abundance of AIF was determined by immunoblot 48 hours later (upper) and reprobed for GAPDH as a loading control (lower; 5 g loading per lane). E, Mouse myocytes were mock transfected, transfected with a control siRNA or AIF-siRNA, and either or not exposed to 500 mol/L H 2 O 2 for 24 hours, subjected to PI/Hoechst 33342 costaining, and scored for PI-positivity. AIF-siRNA transfected cardiomyocytes demonstrated significantly more cell death after 500 mol/L H 2 O 2 compared with mock-or control-siRNA transfected cardiomyocytes treated with 500 mol/L H 2 O 2 (PϽ0.05; nϭ3). Figure 3 . AIF-deficient mice demonstrate an increased infarct size. A, AAR, expressed as percentage of total LV, was comparable in Hq and WT mice at 2 and 6 months of age, indicating that no genotype-dependent differences existed in the perfused areas. B, Infarct size after 30 minutes of LAD occlusion, followed by 60 minutes of reperfusion in 2-and 6-month-old Harlequin and WT mice. The IA/AAR ratio was significantly higher in Hq mice compared with WT mice at 2 months (nϭ8). Furthermore, this ratio increased even further in 6-month-old Hq mutants, but not in WT mice (PϽ0.05; nϭ8). C, Representative images of 2-month-old WT and Hq mutant hearts stained with Evan's blue/TTC after 30 minutes of ischemia and 60 minutes of reperfusion. Note that in the Hq mutant heart the pale white infarct area (arrows) extends further within the AAR and is significantly larger than in the WT heart (* indicates PϽ0.05 Hq vs WT; # PϽ0.05 2-month vs 6-month-old; nϭ4 to 6 for each group). D and E, 6-month-old WT and Hq hearts subjected to ischemia/reperfusion (I/R), stained for activated (cleaved for AIF as cardiac antioxidant, as normal senescence is accompanied by changes in the myocardium that decrease its capacity to tolerate and respond to oxidative stress. 30 
Echocardiographical Characteristics in WT and Hq Mice after Sham Operation and After Transverse Aortic Constriction
AIF Deficiency Promotes Maladaptive LV Remodeling in Response to Biomechanical Stress
Mechanical load activates signaling cascades including oxidative stress, 31 predisposes cardiac muscle to late-onset apoptosis, 1 and can trigger apoptosis acutely, especially in susceptible backgrounds. 32 To test whether downregulation of AIF may sensitize the myocardium to biomechanical stress-induced injury, adult Hq and WT mice were subjected to sham operations or TAC to mimic cardiovascular conditions such as aortic valve stenosis and hypertension. Cardiac geometry and function was assessed noninvasively by serial echocardiography at weekly intervals up to 28 days after intervention ( Figure 5A ). Figure 5A through 5C, baseline function and geometry were similar in Hq and WT mice. Seven days of pressure overload in WT mice did not affect internal chamber diameters, and there even was a tendency toward increased LV contractility as assessed by % FS. After 4 weeks of TAC, WT mice displayed relatively mild signs of LV decompensation noted by a 28% decrease in FS (sham 59.8%Ϯ1.2%; 1-week TAC, 63.7%Ϯ1.9%; 2-week TAC, 51.5%Ϯ1.7%; 4-week TAC, 43.0%Ϯ0.9%; PϽ0.05 TAC versus sham; Table and Figure 5B ) and an increase in LV internal diameters (LVIDs; sham, 1.03Ϯ0.08 mm; 1-week TAC, 0.90Ϯ0.07 mm; 2-week TAC, 1.47Ϯ0.04 mm; 4-week TAC, 1.70Ϯ0.05 mm; PϽ0.05 TAC versus sham; Table and Figure 5C ). In marked contrast, overall contractility and cardiac geometry in Hq mice were considerably worse than their WT counterparts already after 7 days of mechanical load and continued to deteriorate as illustrated by a progressive decline in FS (sham, 60.7%Ϯ1.2%; 1-week TAC, 47.1%Ϯ1.0%; 2-week TAC, 36.8%Ϯ1.7%; 4-week TAC, 30.8%Ϯ1.0%; PϽ0.05 TAC versus sham; Table and Figure 5B ) and progressively increasing LVIDs (sham, 1.03Ϯ0.08 mm; 1-week TAC, 1.37Ϯ0.05 mm; 2-week TAC, 1.97Ϯ0.04 mm; 4-week TAC, 2.12Ϯ0.09 mm; PϽ0.05 TAC versus sham; Table and Figure 5C ).
As shown in the Table and
As expected after 4 weeks after TAC, WT hearts displayed hypertrophy, but the hypertrophic response of the Hq heart was accentuated, as reflected by a near 2-fold higher percent- , sarcomeric actin (green), and nuclei (blue). Note the higher incidence of TUNEL-positive cardiomyocytes in Hq I/R hearts compared with WT I/R hearts. E and G, confocal images of necrotic cells positive for complement 9 (red), counterstained for nuclei (blue). F and H, merged images for complement 9 (red), sarcomeric actin (green), and DAPI (blue), indicate a higher incidence of necrotic cell death in Hq hearts subjected to I/R. Figure 5 . Accelerated LV dysfunction, hypertrophy, and reduced survival in AIF-deficient mice subjected to biomechanical stress. A, Representative M-mode echocardiography images at serial intervals in WT and Hq mice, after sham operation, 7, 14, or 28 days after TAC. B, Fractional shortening (FS), a measure of systolic contractility, was similar in sham-operated mutant and WT mice, but was progressively and significantly decreased in Hq mutant mice compared with WT mice after 4 weeks of TAC. C, Similarly, systolic left ventricle (LV) internal diameter was similar in sham-operated mutant and WT mice, but increased more pronounced in Hq mutant mice after aortic banding, suggesting accelerated and progressive LV dilation compared with WT mice. D, HW/TL ratios increased in both groups after 4 weeks of TAC compared with corresponding sham operated groups, but the percentage increase was more pronounced in Hq mutant mice (E), indicating that Hq mice have an exaggerated hypertrophy response after mechanical load. F, Kaplan-Meyer curve demonstrates increased TAC mortality in Hq mutant mice compared with WT (both sham groups nϭ4 to 6; WT-TAC nϭ9; Hq-TAC nϭ12). *PϽ0.05 TAC vs sham; # PϽ0.05 Hq vs WT.
van Empel et al AIF Protects the Myocardium From Oxidative Stress e97
age increase in HW/TL ratio compared with WT mice after TAC (WT, 23% versus Hq, 36% increase; PϽ0.05; Figure  5D and 5E, data not shown).
Finally, the survival rates of WT and Hq mice subjected to biomechanical stress were evaluated up to 4 weeks after TAC. The survival of sham-operated mice in either genotype was 100% after 4 weeks of TAC. Differences in survival became evident in the first week after TAC and further accentuated up to 4 weeks after TAC, with a substantially higher number of Hq-TAC mice succumbing suddenly or with clear signs of heart failure. The survival of WT-TAC mice was 100% and 78% at 1 and 4 weeks after surgery, whereas the survivability of Hq-TAC mice amounted to 77% and 38% at 1 and 4 weeks after TAC, respectively ( Figure  5F ). These observations correlate well with the accelerated deterioration of cardiac function/geometry ( Figure 5A through 5C), and the exaggerated hypertrophy response in Hq-TAC mice compared with WT-TAC mice ( Figure 5D and 5E). Taken together, these data indicate that the AIF-deficient myocardium is highly susceptible to biomechanical stress in terms of maladaptive functional, geometric, and hypertrophic remodeling, accompanied with a higher mortality in AIF deficient mice.
Biomechanical Stress Provokes More Oxidative Stress, Cell Death, and Fibrosis in AIF Deficient Myocardium
The oxidative DHE was used to evaluate the production of superoxide. DHE is freely permeable to cells and in the presence of superoxide anions oxidizes to fluorescent ethidium, which is intercalated into the DNA. Fluorescent ethidium is therefore a marker of intracellular superoxide anion generation. At baseline, Hq and WT hearts demonstrated equal DHE fluorescence ( Figure 6A ). However, after TAC both groups showed an increase in production of superoxide anions, which was slightly more pronounced in Hq mice ( Figure 6A) . These data directly demonstrate that mechanical stress, such as aortic banding, leads to a higher oxidative stress.
Next, we performed immunohistochemical analyses on WT and Hq cardiac sections to detect the presence of activated (cleaved) caspase-3, a hallmark of apoptosis, which revealed a very low incidence of positive myocytes in both sham groups, a mild increase in apoptotic myocytes in WT-TAC mice, and a dramatic increase in myocyte apoptosis in Hq TAC mice (WT sham 0.11%Ϯ0.01%, Hq sham 0.19%Ϯ0.02%, WT-TAC 0.35%Ϯ0.04%; Hq-TAC 0.73%Ϯ0.09%; PϽ0.01 Hq TAC versus WT TAC; Figure 6B and 6C). Immunohistochemistry using an antibody for cleaved PARP, a late hallmark of apoptosis, confirmed an increased apoptotic rate in Hq mice after TAC compared with their WT counterparts ( Figure 6D ). Next, to more firmly confirm the apoptotic findings, we performed TUNEL labeling on sham and TAC subjected Hq and WT hearts, and costained with phalloidin and DAPI to distinguish the cardiac cell types. Figure 6E demonstrates a representative confocal image of a merged TUNEL/phalloidin/DAPI-positive cardiac myocyte. A very low incidence of TUNEL-positive cardiac myocytes was detectable in both sham-operated groups (WT sham 0.028%Ϯ0.014%, Hq sham 0.037%Ϯ0.015%; N.S.), a slight increase in WT-TAC hearts, and a substantially higher incidence in Hq-TAC hearts (WT TAC 0.179%Ϯ0.031%, Hq TAC 0.346%Ϯ0.044%; PϽ0.05 versus corresponding sham groups and PϽ0.05 WT-TAC versus Hq-TAC; Figure 6F ).
As oxidative stress provokes both apoptosis as well as necrosis, the incidence of the latter form of cell death was also evaluated using complement-9/phalloidin/DAPI immunohistochemical labeling and confocal microscopy. 23 Necrotic cell death was a relatively rare phenomenon in sham operated hearts of either genotype, amounting to 0.29Ϯ0.02 ‰ in WT-sham hearts and 0.31Ϯ0.02 ‰ in Hq-sham hearts (N.S.; Figure 6H ). After biomechanical stress, increased numbers of necrotic cells were observed in both groups, however significantly more necrosis was evident in Hq-TAC hearts (0.64Ϯ0.04 ‰ in WT-TAC and 0.89Ϯ0.04 ‰ in Hq-TAC; PϽ0.05 versus corresponding sham groups, PϽ0.05 WT-TAC versus Hq-TAC; Figure 6H ).
H&E staining confirmed increased cross-sectional myofiber size in response to mechanical load in both genotypes but more pronounced in Hq mice (WT sham 181Ϯ12 m 2 , Hq sham 154Ϯ7 m 2 , WT-TAC 339Ϯ10 m 2 , Hq-TAC 387Ϯ10 m 2 ; PϽ0.01; Figure 6I and 6J). Furthermore, pronounced interstitial fibrosis was evident in Hq but not WT hearts after TAC ( Figure 6I ). Collectively, these data demonstrate a predisposition of AIF-deficient mice to develop LV dysfunction, dilation, and increased mortality, coupled to pathological LV remodeling encompassing accentuated oxidative stress, cell death, and fibrosis in response to mechanical load accompanied by oxidative stress.
AIF Functions as a Cardiac Antioxidant Independent of Mitochondrial Complex Activity
To more directly address why the AIF-deficient cardiac muscle is sensitized to oxidative stress, we investigated mitochondrial function in more detail, as increased production of reactive oxygen species can result from respiratory chain (RC) dysfunction and decreased antioxidant mechanisms. Superoxide derives primarily from complex I and III of the RC. Conversely, complex I and IV functioning are readily deteriorated by ROS, which further increases the production of ROS of the RC. Therefore, we measured the RC complexes I and IV in WT and Hq hearts, which demonstrated that the enzymatic activities of both complexes were not different between Hq and WT ( Figure 7A and 7B ). To exclude that in Hq mouse hearts a potential decrease in the RC complexes has been compensated by an increase in mitochondrial numbers, the level of mitochondrial matrix enzyme citrate synthase was determined as a reflection of the mitochondrial mass. 33 No differences in mitochondrial density were found between both groups ( Figure 7C ). This indicates that the respiratory chain in Hq mutant hearts is fully functional and will not likely underlie a higher rate of superoxide production than in WT hearts.
However, we found that mechanical stress led to higher levels of superoxide in both Hq and WT mice, as shown by their increased DHE staining ( Figure 6A ). The antioxidant enzyme manganese superoxide dismutase (MnSOD) will neutralize superoxide by its conversion into H 2 O 2 . Immuno-blot analysis demonstrated that the expression of MnSOD was not significantly different between Hq and WT mice, indicating an equivalent ability of both mouse strains to handle superoxide ( Figure 7D ). To investigate whether Hq and WT hearts are also able to handle H 2 O 2 equally, subsarcolemmal mitochondria were freshly isolated from WT and Hq hearts and challenged with 10.5 mmol/L H 2 O 2 . The data demonstrate a 29% decrease in H 2 O 2 clearance rate in Hq mitochondria compared with their WT counterparts (WT, 6.0Ϯ0.3; Hq, 4.3Ϯ0.6 mol/L H 2 O 2 /min/U CS; Figure 7E ). These results directly demonstrate that AIF deficiency decreases the ability of cardiac mitochondria to decompose H 2 O 2 , which more firmly establishes an antioxidant function for AIF. Taken together, the combined observations suggest that under conditions of increased oxidative stress, AIF deficiency uncovers an inadequate myocardial antioxidant ability that is no longer capable to neutralize the increased ROS production, resulting in increased cell death, myocardial injury, and predisposition to heart failure. The precise biochemical mechanisms by which AIF neutralizes ROS remain to be elucidated and should become the focus of future analyses.
Discussion
Our data demonstrate an important role for AIF in cardiac cell survival both in isolated cultured cardiomyocytes and in the intact heart, although the precise mechanism for AIF protection in these cells is not known. Klein et al posit that AIF could regulate, directly or indirectly, free radical scavenging and thereby help ameliorate hydrogen peroxide-mediated Figure 6 . Elevated oxidative stress, elevated cell death, and pronounced fibrosis in AIF-deficient myocardium after biomechanical stress. A, DHE was used to visualize and quantify the production of superoxide in situ. WT and Hq mice demonstrated a significantly higher level of superoxide production after aortic banding. B, WT and Hq hearts, subjected to 14 days of mechanical load, displayed increased myocyte apoptosis as scored by positivity for cleaved caspase-3. However, the percentage increase in Hq mutants was more pronounced. C, Representative image of cleaved caspase-3 positive myocytes in WT and Hq mutant mice subjected to TAC (arrows denote individual caspase-3 positive myocytes). D, WT and Hq hearts demonstrated increased cleaved PARP positive myocytes after TAC, with the percentage increase in Hq mutants being more pronounced compared with WT. E, Single cell confocal image of TUNEL-positive cardiomyocyte labeling in Hq hearts after aortic banding, with TUNEL-positive nucleus (red), sarcomeric actin (green), and nuclei counterstained with DAPI (blue). F, Quantification of TUNEL-positive cardiomyocytes in WT and Hq hearts demonstrate a higher percentage of TUNEL-positive myocytes after TAC compared with WT.G, Single cell confocal image of complement-9 positive myocyte in Hq hearts after aortic banding, with complement 9 (red), sarcomeric actin (green), and nuclei counterstained with DAPI (blue). Note the degradation of sarcomeric structures in the necrotic myocyte. H, WT and Hq hearts display a higher level of necrotic myocytes after TAC, but this was more pronounced in Hq mice compared with WT. I, Representative H&E images at 400ϫ magnification of WT and Hq hearts after sham treatment or 4 weeks of TAC, which demonstrate marked increased in myocyte fiber diameter in Hq-TAC mice compared with other experimental groups (upper). Sirius red staining demonstrates prominent fibrosis in Hq mice subjected to TAC (lower). J, Quantification of cross-sectional area of myofibers from indicated groups shows an accentuated myocyte hypertrophy response in Hq-TAC mice (nϭ4). *PϽ0.05 vs corresponding sham group; # PϽ0.05 Hq vs WT.
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apoptosis, but no direct mechanistic evidence for this premise was presented. 14, 34 Although AIF does not appear to physically associate with components of the respiratory complex, 35 in theory, it is possible that AIF plays a critical role in mitochondrial respiration, by handling of reactive oxygen radicals that are normally released by the respiratory chain. In fact, a recent study demonstrated loss of complex I activity in Hq brain and retina at 10 weeks of age. 35 However, as in the current study, no alterations in respiratory complex activity were observed in Hq hearts, a tissue without baseline pathology, nor did we observe an increase in mitochondrial number, which might compensate for respiratory deficiencies. This apparent tissue specificity may be reflective of differences between tissues in assembly of respiratory complexes, 35 or might be the result of the increase in free radical production observed in the CNS. 14 Alternatively, whereas oxidative phosphorylation is apparently normal in Hq hearts, our data demonstrates a deficiency in the scavenging of exogenous H 2 O 2 in isolated Hq mitochondria. This suggests that AIF itself, or as part of a yet to be determined complex, may have free radical scavenging properties, and as such constitutes a novel cardiac antioxidant that protects the myocardium from oxidative stress under ischemic or biomechanical stress. In agreement, AIF negative cells under stress conditions were found to deplete nonoxidized glutathione more rapidly than cells that expressed AIF, suggesting that AIF is necessary for the maintenance of glutathione levels, at least under some conditions. 36 It is of interest to note the similarity between the oxidoreductase enzyme AIF and the thioredoxin system, consisting of thioredoxin 1 (Trx)1, thioredoxin reductase, and NADPH, which operates as a powerful antioxidant protein-disulfide oxidoreductase system. 37, 38 Lowering the antioxidant function of the thioredoxin system in the heart provokes oxidative stress in the cardiac muscle, 31 and predisposes the heart, as does the Hq mutation, to cardiac decompensation in response to mechanical load. Whether AIF also has such partners is not known, but the present study shows that the residual AIF in the Hq mouse heart apparently suffices to prevent oxidative stress under normal conditions. However, Hq mitochondria have a decreased capacity to neutralize a high H 2 O 2 challenge, and in response to elevated ROS production from, either exogenous (H 2 O 2 administration) or endogenous sources (acute ischemia-reperfusion/biomechanical stress), the free radical scavenging function in Hq hearts is clearly inadequate.
Heart failure can be initiated by a plethora of inherited or acquired insults that invariably provoke left ventricular remodeling, which is characterized by elevated levels of myocyte apoptosis. Because of its limited regenerative capacity the heart is exquisitely sensitive to the low, but constant, loss of muscle cells that may precipitate in a progressive loss of functional units and, concomitantly, a loss of contractility. A feature that clearly influences the mitochondrial programmed cell death pathway is oxidative stress evoked by excessive intracellular concentrations of ROS. A large body of studies has elucidated a crucial role for ROS in ischemia/reperfusionrelated damage of the heart muscle, and increasing evidence implicates oxidative stress in the progression of heart failure. In fact, intrinsic oxidative stress was demonstrated to increase with age in the heart, because of both age-related impairment of transcriptional responses to oxidant stress, 39 diminished expression of antioxidant defense enzymes such as glutathione peroxidase and MnSOD, 39 and as a result of agedependent cardiac mitochondrial dysfunction. 40 These agerelated effects, coupled to the relatively high dependence of fatty acid ␤-oxidation of the heart, which holds the risk of lipid peroxide-derived oxygen species formation, may contribute to the higher incidence of cardiovascular disorders such as heart failure in the aged population. Protecting the heart against excessive oxidative stress may, therefore, constitute a bona fide therapeutic device in the prevention of heart failure, stressing the importance to elucidate the factors involved in providing protection against noxious ROS. The findings in our study underscore the importance of ROS in ischemia/reperfusion damage and development of heart failure and implicate a role for AIF in the protection against oxidative stress related myocardial damage. 
